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40Ar/39Ar and zircon UePb geochronological and whole-rock geochemical analyses for the Laozanggou
intermediate-acidic volcanic rocks from the western Qinling orogenic belt, Central China, constrain
their petrogenesis and the nature of the Late Mesozoic lithospheric mantle. These volcanic rocks yield
hornblende or whole-rock 40Ar/39Ar plateau ages of 128.3e129.7 Ma and zircon UePb age of
131.3  1.3 Ma. They exhibit SiO2 of 56.86e66.86 wt.%, K2O of 0.99e2.46 wt.% and MgO of 1.03e4.47 wt.%,
with Mg# of 42e56. They are characterized by arc-like geochemical signatures with signiﬁcant enrich-
ment in LILE and LREE and depletion in HFSE. All the samples have enriched SreNd isotopic compositions
with initial 87Sr/86Sr ratios ranging from 0.7112 to 0.7149 and 3Nd(t) values from 10.2 to 6.3. Such
geochemical signatures suggest that these volcanic rocks were derived from enriched lithosphere-
derived magma followed by the assimilation and fractional crystallization (AFC) process. The genera-
tion of the enriched lithospheric mantle is likely related to the modiﬁcation of sediment-derived ﬂuid in
response to the Triassic subduction/collision event in Qinling orogenic belt. The early Cretaceous
detachment of the lithospheric root provides a reasonable mechanism for understanding the petro-
genesis of the Laozanggou volcanic sequence in the western Qinling orogenic belt.
 2019, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Calc-alkaline andesitic and dacitic volcanic rocks are key carriers
for probing the tectonic evolution of convergent plate margins and
are crucial rocks for better understanding continental crustal evo-
lution (Boettcher, 1973; Miyashiro, 1974; Gill, 1981; Grove and
Kinzler, 1986; Wilson, 1989; Davies and Stevenson, 1992; Poli and
Schmidt, 2002; Ernst, 2010; Cawood et al., 2013; Shellnutt et al.,
2014). The formation of subduction-related andesites and dacites
is considered to be related to either partial melting of a pyroxenitic
mantle ormixing of subducted oceanic crust- and overlying wedge-
derivedmagma, with potential crustal contamination en route (e.g.,
Hawkesworth et al., 1993; Pearce and Peate, 1995; Kelemen et al.,
2003; Rudnick and Gao, 2003; Zellmer et al., 2005; Tatsumi,of Geosciences (Beijing).
eijing) and Peking University. Produ
c-nd/4.0/).2006; Lee et al., 2007; Reubi and Blundy, 2009; Chiaradia et al.,
2011; Till et al., 2012). However, the generation mechanism of the
calc-alkaline andesitesedacites in intracontinental settings is still
unclear, and thus the origin of early Cretaceous andesitic rocks in
the Qinling orogenic belt constitutes the focus of this paper.
The Qinling orogenic belt was formed as a result of the multi-
phase subduction and continentalecontinental collision between
the North China Craton and the South China Block, and is usually
subdivided into two parts: the eastern and western Qinling
orogenic belts (e.g., Hacker et al., 1998; Jahn et al., 1999; Meng and
Zhang, 2000; Zhang et al., 2001; Ayers et al., 2002; Li et al., 2002a;
Bryant et al., 2004; Zheng, 2008; Dong et al., 2011a,b). Final
collisional assembly of North and South China occured in late
Triassic, at which time the Qinling orogenic belt entered an
intracontinental mountain-building regime. Our work, along with
other related data (Feng et al., 2003), documents the volcanic-
sedimentary sequence of the late Mesozoic continental-facies
andesiticedacitic rocks in the Laozanggou area of the westernction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
Figure 1. (a) Simpliﬁed geological map of the major tectonic units in China showing the Qinling orogenic belt (Zheng et al., 2009; Dong et al., 2011a). (b) Schematic map showing
major tectonic units for the western Qinling orogenic belt (modiﬁed after Feng et al., 2002; Zhang et al., 2006). (c) Geological map showing the early Cretaceous Laozanggou volcanic
sequence.
F. Zhang et al. / Geoscience Frontiers 10 (2019) 1507e15201508Qinling orogenic belt. This paper presents a set of newwhole-rock
major oxides and trace elemental data, and the 40Ar/39Ar and
zircon UePb geochronological results for these andesiticedacitic
rocks to understand their petrogenesis and source, and to
constrain their geodynamic setting.2. Geological setting and petrography
The Qinling orogenic belt is a complex evolution extending from
the Proterozoic to the Mesozoic (Fig. 1; e.g., Zhang et al., 1989,
1995a,b, 1996, 2001; Meng and Zhang, 2000; Dong et al., 2011b,
Figure 2. Representative photomicrographs for the Laozanggou andesitic (aec) and dacitic (d) samples of the Duofutun Group in the western Qinling orogenic belt. Abbreviation:
Pleplagioclase, Cpxeclinopyroxene, Btebiotite.
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orogenic belt have been well documented, which are characterized
by the early Paleozoic and Triassic subduction and subsequent
collision along the Shangdan and A’nyemaqeneMianlue suture
zones (e.g., Mattauer et al., 1985; Sengör, 1985; Enkin et al., 1992;
Kröner et al., 1993; Li et al., 1993, 1996; Okay and Sengör, 1993;
Zhang et al., 1995a,b, 1996, 2001; Ames et al., 1996; Hacker et al.,
1998; Zhai et al., 1998; Meng and Zhang, 2000; Dong et al., 2004,
2011a,b, 2016, 2017). Triassic collision resulted in fold-and-thrust
deformation and felsic magmatism along the Qinling orogenic
belt, and corresponds with the ﬁnal amalgamation of the North
China Craton with South China Block (e.g., Zhang et al., 1995a,b,
1996, 2000, 2001; Meng and Zhang, 2000; Feng et al., 2002).
Following the ﬁnal collision, the Qinling orogenic belt lay in an
intracontinental setting (Zhang et al., 2001; Dong et al., 2016).
The Qinling orogenic belt is divided into the eastern andwestern
Qinling orogenic belts by the Fengxian-Taibai strike-slip shear zone
and the Huicheng Basin (e.g., Zhang et al., 2004; Zheng et al., 2009).
The western Qinling orogenic belt is separated from the Qilian
terrane to the north by the Qinghai LakeeWushaneTianshui suture
zone, from the East Kunlun orogenic belt to the west by the
Wahongshan-Wenquan fault, and from the Songpan-Ganzi terrane
to the south by the A’nyemaqen and Mian-Lue suture zones
(Fig. 1a,b; e.g., Feng et al., 2003; Zhang et al., 2004; Meng et al.,2005; Dong et al., 2011a; Li et al., 2013a,b). The western Qinling is
interpreted to be a micro-continental block that originally split
from the North China Craton, and migrated southwards during the
Meso- and Neoproterozoic, and then was united with the North
China with South China blocks during the Triassic collision (e.g.,
Meng et al., 2005; Zheng et al., 2009; Dong et al., 2011a).
In the western Qinling orogenic belt, the oldest exposed crys-
talline basement is the Qinling Group, which includes Neoarchean
gneisses, amphibolites and marble (e.g., Dong et al., 2011a). The
Phanerozoic sedimentary package is subdivided into the lower
Paleozoic, upper Paleozoic and the middle Jurassicelower Creta-
ceous sequences across three regional angular unconformities (e.g.,
Qinghai Bureau of Geology and Mineral Resources (Qinghai BGMR),
1991; Wu et al., 2014). The Paleozoic rocks are dominated by
shallow-marine sandstone, siltstone, argillaceous slate, shale,
limestone and brecciated limestone with the exception of Silurian
and Upper Devonian deep-marine siliciclastic rocks. The Triassic
sequence is composed of siliciclastic and carbonate deep-marine
deposits, which are considered to have accumulated in a conti-
nental slope environment (Meng et al., 2007). The middle Triassic
sequence is characterized by siliciclastic rocks, and is uncomfort-
ably overlain by upper Cretaceous sandstone in the Laozanggou
area (Fig. 1c). The JurassiceCretaceous and Cenozoic red-bed se-
quences are mainly deposited in alluvial and ﬂuvial environment of
Table 1
40Ar/39Ar isotopic results of the incremental heating experiments for the representative andesiticedacitic samples from the western Qinling orogenic belt.
Temp. (C) (40Ar/39Ar)m (36Ar/39Ar)m (37Ar/39Ar)m (38Ar/39Ar)m 39Ark (1012 mol) (40Ar*/39Ar)k 1s 39Ark (%) Apparent age (Ma) 1s
TR-30 Hornblende, J ¼ 0.0137712
900 9.322 0.0168 9.4521 0.0212 0.011 5.283 4.400 2.73 126.7 106.61
950 9.042 0.0226 30.850 0.0644 0.003 5.444 13.76 2.67 130.4 16.9
1000 6.570 0.0055 1.9926 0.0047 0.113 5.145 0.410 29.02 123.5 9.9
1050 6.682 0.0070 6.4658 0.0152 0.035 5.258 1.320 27.13 126.1 7.9
1100 6.615 0.0059 7.4411 0.0091 0.069 5.611 0.650 17.13 134.3 15.7
1200 6.786 0.0099 19.820 0.0291 0.025 5.860 1.820 19.13 140.0 19.4
1300 10.05 0.0367 66.145 0.2634 0.002 5.868 24.00 1.08 140.2 17.5
1350 9.725 0.0491 108.98 0.4032 0.001 6.259 43.79 1.07 149.2 80.8
Plateau age: 128.3  14.9 Ma; Sample mass: 200 mg
TR-50 whole rock, J ¼ 0.0137687
300 9.201 0.0138 1.1370 0.0235 0.101 5.236 0.460 1.47 125.6 11.0
500 7.656 0.0089 1.2774 0.0178 0.198 5.142 0.230 2.89 123.4 5.7
620 8.399 0.0098 0.6548 0.0091 0.510 5.570 0.106 7.45 133.3 2.6
720 7.656 0.0076 0.4670 0.0068 0.746 5.452 0.090 10.81 130.6 2.24
850 6.924 0.0054 0.4171 0.0051 1.133 5.366 0.100 16.54 128.6 2.4
980 6.969 0.0058 0.5320 0.0072 1.087 5.311 0.095 15.87 127.3 2.3
1050 6.643 0.0046 0.5592 0.0132 1.152 5.326 0.090 16.82 127.7 2.2
1100 7.114 0.0064 0.6690 0.0173 0.957 5.280 0.098 13.98 126.6 2.4
1150 6.594 0.0043 1.0728 0.0329 0.539 5.417 0.160 7.87 129.8 3.7
1200 6.707 0.0049 1.8633 0.0855 0.222 5.448 0.240 3.24 130.5 5.9
1250 7.473 0.0082 2.3015 0.1297 0.145 5.2858 0.110 2.12 149.6 3.2
1300 7.724 0.0090 1.3965 0.1107 0.059 5.189 0.440 0.86 146.9 12.6
Plateau age: 129.3  1.6 Ma; Sample mass: 200 mg
TR-53 whole rock, J ¼ 0.0137663
300 9.001 0.0131 0.3996 0.0089 0.261 5.151 0.180 1.02 123.6 4.3
500 7.727 0.0086 0.2170 0.0044 0.806 5.192 0.060 3.15 124.6 1.4
620 8.403 0.0095 0.1333 0.0024 1.919 5.612 0.028 7.50 134.3 0.7
720 7.605 0.0072 0.1163 0.0018 2.820 5.482 0.024 11.02 131.3 0.6
850 6.778 0.0050 0.1066 0.0013 4.345 5.317 0.026 16.98 127.5 0.6
980 7.027 0.0057 0.1386 0.0019 4.089 5.353 0.025 15.98 128.3 0.6
1050 6.730 0.0045 0.1274 0.0036 4.314 5.394 0.024 16.86 129.2 0.6
1100 7.441 0.0070 0.1335 0.0045 3.649 5.363 0.027 14.26 128.5 0.6
1150 6.458 0.0035 0.2315 0.0092 1.940 5.435 0.040 7.58 130.2 1.0
1200 6.708 0.0044 0.3596 0.0229 0.829 5.440 0.070 3.24 130.3 1.6
1250 7.501 0.0078 0.6409 0.0475 0.399 5.267 0.040 1.56 149.1 1.2
1300 7.723 0.0087 0.3708 0.0259 0.217 5.192 0.120 0.85 147.0 3.4
Plateau age: 129.7  0.6 Ma; Sample mass: 200 mg
F. Zhang et al. / Geoscience Frontiers 10 (2019) 1507e15201510intermontane basins (e.g., Zhang et al., 2012; Li et al., 2013a; Wu
et al., 2014).
In the western Qinling orogenic belt, the magmatic activity is
characterized by extensive late Triassic intrusive rocks and mi-
nor MesozoiceCenozoic volcanic rocks in the Elashan,
Langmusi-Caibaoshan, Laozanggou-Duofutun-Hongqiang, and
Baiguan-Haoti areas (e.g., Qinghai BGMR, 1991; Yu et al., 2001;
Feng et al., 2003). Our study focuses on the volcanic rocks in
the Laozanggou-Duofuntun area, especially on the intermediate
to acidic lavas (Fig. 1b, c). These volcanic rocks are considered to
occur in the continental-facies volcanic-sedimentary package of
the Duofutun Group, which is composed of sandstone, carbo-
naceous slate and intermediate-acid volcanic rocks (Li et al.,
2013c). The Laozanggou volcanic sequence has a total thick-
ness of more than 2000 m and is uncomfortably underlain by
the Middle Triassic Gulangti Group and overlain by
PaleogeneeNeogene red-beds (Fig. 1c). Its lower segment con-
sists of basalt, pyroxene andesite and andesite, tuff and volcanic
breccia, and the upper segment mainly of intermediate to acid
lava and volcanic breccia.
The andesitic and dacitic samples in this study are from the
middleeupper segment of the Laozanggou volcanic sequence
(Fig. 1b, c). They are little altered apart from minor chloritization
and kaolinization of phenocrysts. Their mineral assemblages
contain 25%e45% phenocrysts and 40%e60% matrix, with pheno-
crysts being of 20%e30% plagioclase, 0e15% clinopyroxene and
0e5% biotite and the ﬁne-grained groundmass of plagioclase, cli-
nopyroxene and minor opaque oxides (Fig. 2aed). Our andesiticsamples display a hyalopilitic texture and have subhedral plagio-
clase (25e35 vol.%) and clinopyroxene (5e12 vol.%) phenocrysts
and minor biotite (0e3 vol.%) phenocryst (Fig. 2aec). Subhedral
plagioclase and clinopyroxene can be up to 5 mm and 2 mm in size,
respectively. Most plagioclase phenocryst show crossed twinning
and several exhibit oscillatory zoning and simple twinning. Horn-
blende is only present in a few samples. Dacitic samples have from
w25 to 45 vol.% subhedral to euhedral plagioclase grains ranging
from w2 to 6 mm (Fig. 2d). The plagioclase grains have cores sur-
rounded by the spongy zones or straight, curved/irregular margins
with the matrix. Biotite is present, ranging from nearly fresh to
oxidize (opacitized). Groundmass is glassy and contains microlites
of plagioclase and FeeTi oxides.
3. Analytical methods
Hornblende grains for 40Ar/39Ar step-heating and zircon grains
for UePb dating were separated by conventional heavy liquid and
magnetic techniques, and then handpicked under a binocular mi-
croscope. The 40Ar/39Ar step-heating measurements were carried
out using gas source the mass spectrometer RGA-10, at the
Guangzhou Institute of Geochemistry (GIG), the Chinese Academy
of Sciences (CAS), China. Correction factors for interfering argon
isotopes derived from Ca and K are: (38Ar/36Ar)Ca ¼ 0.1869,
(38Ar/37Ar)Ca ¼ 0, (36Ar/37Ar)Ca ¼ 2.69  104, (39Ar/37Ar)Ca ¼
7.09  104, (40Ar/39K)k ¼ 0.00165. The blank of 40Ar/36Ar is 295.5.
The internal standard biotite ZBH-2506 monitor yielded the age of
132.7 1.2 Ma. The detailed analytical techniques follow Sang et al.
Figure 3. The 40Ar/39Ar age spectra for three andesitic samples from the early Creta-
ceous Laozanggou volcanic sequence in the western Qinling orogenic belt. (a) Horn-
blende grains from sample TR-30, (b) whole-rock sample TR-50, and (c) whole-rock
sample TR-53. See Fig. 1c for sampling locations.
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using the ArArCALC software (Koppers, 2002).
Laser ablation ICPMS (LA-ICPMS) zircon UePb analyses were
carried out at the State Key Laboratory of Continental Dynamics,
Northwest University (China), using Agilient 7500a quadruple (Q)-
ICPMS attached with a Geolas laser-ablation system equipped with
a 193 nm Ar-F-excimer laser. Analyses were performed under abeam diameter of ca. 30 mm and a repetition rate of 6 Hz, which
yielded a signal intensity of 0.03 V for 238U for the standard zircon
91500. Typical ablation time was 40 s for each measurement,
resulting in pit depths of 30e40 mm. The instrumental setting and
detailed analytical procedure are described by Yuan et al. (2004).
Eleven samples were crushed into 200-mesh using an agate mill
for major oxide, trace elemental and SreNd isotopic analyses at the
GIG, CAS, China. Themajor oxideswere analyzed byawavelength X-
ray ﬂuorescence spectrometry with relative standard derivations of
<5%. The procedures details were described by Li et al. (2005). The
trace element analyses were performed on a PerkineElmer Sciex
ELAN 6000 ICP-MS, following the procedures described by Li et al.
(2002b). The Sr and Nd isotopic ratios were measured using a
mass-spectrometer. The sample preparation and chemical separa-
tion are similar to those described by Wei et al. (2002) and Liang
et al. (2003). The total procedure blanks were in the range of
200e500 pg for Sr and 50 pg for Nd. The mass fractionation cor-
rections for Sr and Nd isotopic ratios are based on 86Sr/88Sr¼ 0.1194
and 146Nd/144Nd ¼ 0.7219, respectively. The measured 87Sr/86Sr
ratios of the (NIST) SRM987 standard and 143Nd/144Nd ratios of the
La Jolla standard are 0.710265  12 (2s) and 0.511862  10 (2s),
respectively.
4. Results
4.1. AreAr dating and zircon UePb geochronological results
Three representative andesitic samples were selected for
40Ar/39Ar dating with their sampling locations and analytical re-
sults given in Fig. 1 and Table 1, respectively. The corresponding age
spectra are shown in Fig. 3aec. The hornblende grains separated
from sample TR-30 yield the 40Ar/39Ar apparent ages of
123.5e140.2 Ma and a plateau age of 128.3  14.9 Ma with >90%
39Ar released at ﬁve successive temperature steps (Fig. 3a). Whole-
rock sample TR-50 gives 40Ar/39Ar apparent ages of 127.3e133.3 Ma
from the third to tenth heating steps, yielding a whole rock plateau
age of 129.3  1.6 Ma deﬁned by 93% released gas (Fig. 3b). Whole-
rock sample TR-53 deﬁnes a plateau age of 129.7 0.6 Mawith 93%
released gas at successive eight heating-steps (Fig. 3c), similar to
TR-30 and TR-50.
Sample TR-53 is additionally selected for laser zircon UePb
dating and the measured results are listed in Table 2 and shown
in Fig. 4. The zircons are light brown or brown, prismatic and
transparent to subtransparent in morphology, mostly euhedral and
up to 100e300 mm in length withw2:1e4:1 of length/width ratio.
These zircons show well-developed oscillatory zoning in Fig. 4a,
typical of igneous grains. Twelve spots on 12 grains give Th/U ratios
from 0.44 to 1.19 and yield the 206Pb/238U apparent ages of
127.8e133.1 Ma with a weighted mean age of 131.3  1.3 Ma
(MSWD¼ 0.47). This age (131.3  1.3 Ma) is similar, within error, to
the AreAr plateau age of 129.7  0.6 Ma, representing the crystal-
lization age of the TR-53 (andesite). As a result, the AreAr plateau
ages are considered reliable and the age of 128e131 Ma can be
interpreted as the eruption age of the Laozanggou continental
andesiticedacitic sequence in the western Qinling belt, indicating
an early Cretaceous origin.
4.2. Elemental and SreNd isotopic geochemistry
The analytical results for major oxides, trace elements and
SreNd isotopic composition of the representative samples are lis-
ted in Table 3 and shown in Figs. 5e9.
SiO2 contents for the volcanic rocks range from 56.86 wt.% to
66.86 wt.% (volatile-free), FeOT from 5.04 wt.% to 7.58 wt.%, TiO2
from 0.56 wt.% to 0.74 wt.%, P2O5 from 0.12 wt.% to 0.16 wt.%, and
Table 2
LA-ICPMS zircon UePb dating results for representative andesitic sample (TR-53) from the western Qinling orogenic belt.
Spot U (ppm) Th (ppm) Th/U Isotopic ratios Apparent age (Ma)
207Pb/206Pb 1s 207Pb/235U 1s 206Pb/238U 1s 207Pb/206Pb 1s 207Pb/235U 1s 206Pb/238U 1s Disc
TR-53-01 88 99 0.88 0.05574 0.00238 0.15390 0.00512 0.02002 0.00035 442 92 145 5 128 2 113
TR-53-02 213 439 0.49 0.05332 0.00207 0.15340 0.00432 0.02086 0.00036 343 85 145 4 133 2 109
TR-53-03 477 508 0.94 0.04858 0.00169 0.13776 0.00308 0.02056 0.00034 128 80 131 3 131 2 100
TR-53-04 155 131 1.19 0.05250 0.00189 0.14857 0.00359 0.02052 0.00034 307 80 141 3 131 2 108
TR-53-05 157 177 0.89 0.05206 0.00236 0.14893 0.00537 0.02075 0.00037 288 100 141 5 132 2 107
TR-53-06 145 231 0.63 0.04928 0.00219 0.14062 0.00492 0.02069 0.00036 161 101 134 4 132 2 102
TR-53-07 137 120 1.14 0.04804 0.00236 0.13754 0.00556 0.02076 0.00038 101 112 131 5 132 2 99
TR-53-08 157 186 0.85 0.05019 0.00194 0.14181 0.00390 0.02049 0.00035 204 87 135 3 131 2 102
TR-53-09 185 326 0.57 0.05111 0.00209 0.14667 0.00448 0.02081 0.00036 246 92 139 4 133 2 105
TR-53-10 220 307 0.72 0.05113 0.00208 0.14428 0.00434 0.02046 0.00035 247 91 137 4 131 2 105
TR-53-11 102 110 0.92 0.04854 0.00201 0.13927 0.00432 0.02080 0.00036 126 94 132 4 133 2 99
TR-53-12 174 391 0.44 0.05581 0.00240 0.15656 0.00517 0.02034 0.00036 445 93 148 5 130 2 112
Weighted mean age ¼ 131.3  1.3 Ma, n ¼ 12, MSWD ¼ 0.47
F. Zhang et al. / Geoscience Frontiers 10 (2019) 1507e15201512Al2O3 from 15.73 wt.% to 19.09 wt.%. The analyzed samples show a
calc-alkaline composition with K2O of 0.99e2.46 wt.% (Table 3 and
Fig. 5a). On the TAS diagram (Fig. 5b), these samples mainly fall into
the andesitic ﬁeld with the exception of TR-35 and TR-41 plotting as
dacite. A similar distribution occurs on the Nb/YeZr/TiO2 diagram
(not shown). MgO contents for the andesitic rocks range from
2.18 wt.% to 4.67 wt.% with Mg# (Mg# ¼ 100  Mg/(Mg þPFe) in
atomic ratio) in the range of 42e56, higher than those of two dacitic
samples (MgO ¼ 1.03 wt.% and 1.06 wt.% and Mg# ¼ 28 and 26,
respectively). On Harker variation diagrams, SiO2 increases with
decreasing TiO2, MgO, CaO and CaO/Al2O3 (Fig. 6aeg) but increasing
Na2O (Fig. 6h). SiO2 is positively correlated with Nb, La and Th, and
negatively correlated with Sr (Fig. 7aed).
These volcanic samples show similar chondrite-normalized rare
earth element (REE) patterns (Fig. 8a), characterized by strong
enrichment in light rare earth elements (LREE), with (La/Yb)N of
7.05e17.85 and negative Eu anomalies (Eu*/Eu¼ 0.64e0.82). Heavy
rare earth element (HREE)-patterns are generally ﬂat with (Gd/Yb)N
ratios ranging from 1.55 to 2.38. Primitive mantle-normalized
multi-elemental spidergrams are characterized by marked enrich-
ment in LILE, depletion in Nb, Ta, P and Ti and insigniﬁcant ZreHf
negative anomalies, with additional negative Ba anomalies
(Fig. 8b). Initial Sr and Nd isotopic composition for six representa-
tive samples were back-calculated to the eruption age ofw130 Ma.Figure 4. Concordia diagram of zircon UePb data for sample TR-53 from the early Cretaceo
the representative CL images for zircons from the sample TR-53.Their initial 87Sr/86Sr ratios range from 0.7112 to 0.7149 and 3Nd(t)
values from 10.2 to 6.3, similar with those of the late Triassic
andesites erupted in the nearby area (Fig. 9a; Li et al., 2013a).
5. Discussion
5.1. Magma process
The high loss on ignition (LOI) of 2.06e5.77 wt.% suggests that
these volcanic rocks might have been subjected to a small degree of
low-temperature alteration (Wang et al., 2005). However, there is
poor correlation of LOI with Rb, Sr, Zr, Nb contents and SreNd
isotopic composition (not shown). Such characteristics, along
with the similar REE- and PM-normalized patterns (Fig. 8), suggest
minimal low-temperature alteration.
Our samples deﬁned the signiﬁcant correlation of SiO2 with
other major oxides and trace elements (Figs. 6 and 7), reﬂective of
signiﬁcant fractional crystallization during magma evolution.
Increasing SiO2 and decreasing Cr and Ni with decreasing MgO
(Figs. 6a and 7eef) indicate signiﬁcant fractionation crystallization
of olivine and clinopyroxene (e.g., Wang et al., 2006; Xie et al.,
2007). Clinopyroxene fractionation is further supported by the
negative correlation of SiO2 with CaO and CaO/Al2O3 (Fig. 6c and g).
Their high Al2O3 (15.73e19.09 wt.%) and Sr (123e286 ppm)us Laozanggou volcanic sequence in the western Qinling orogenic belt. Inset in (a) note
Table 3
Elemental and SreNd isotopic data of early Cretaceous andesiteedacite from western Qinling orogenic belt (major composition in wt.% and trace composition in ppm).
Sample TR-30 TR-32 TR-35 TR-41 TR-44 TR-47 TR-49 TR-50 TR-53 TR-58 TR-60
SiO2 59.12 57.53 62.97 63.47 58.22 58.34 55.59 55.60 59.41 56.54 55.40
TiO2 0.61 0.59 0.55 0.53 0.70 0.69 0.68 0.72 0.65 0.69 0.70
Al2O3 17.24 16.87 16.06 14.93 17.39 16.41 17.44 17.35 18.58 17.48 18.23
Fe2O3 2.12 2.27 4.40 2.90 2.12 3.75 2.92 2.76 2.53 3.31 2.44
FeO 2.90 3.00 3.40 2.35 3.45 3.20 3.90 4.15 2.85 3.30 3.05
CaO 5.84 7.37 3.89 4.83 6.90 6.72 7.89 8.48 6.06 7.81 9.12
MgO 3.31 2.75 1.58 0.98 2.44 4.13 4.54 4.45 2.73 3.26 2.08
K2O 1.64 0.93 1.55 2.31 2.37 2.17 1.78 1.65 2.22 1.88 1.80
Na2O 2.36 2.54 2.48 2.45 2.32 2.06 2.18 2.35 2.47 2.29 2.47
P2O5 0.13 0.14 0.13 0.12 0.15 0.14 0.12 0.14 0.13 0.13 0.13
MnO 0.07 0.10 0.05 0.06 0.09 0.11 0.12 0.13 0.09 0.07 0.09
LOI 4.47 5.77 2.76 4.91 3.67 2.11 2.66 2.06 2.11 3.04 4.32
Mg# 55 50 28 26 45 53 56 55 49 48 42
P 472 506 495 466 553 535 430 530 450 478 519
Sc 15.9 15.9 11.5 10.5 19.1 19.5 22.5 21.8 16.1 21.0 17.4
V 63.8 65.0 22.3 33.0 77.5 82.1 103 100 55.8 98.0 90.0
Cr 115 101 11.0 39.0 188 190 184 178 32.0 169 164
Co 16.3 16.5 13.8 13.7 19.5 23.6 26.3 27.7 15.0 23.6 21.0
Ni 25.7 23.1 5.9 24.7 34.2 36.6 53.5 62.2 8.9 54.5 57.6
Cu 20.7 14.8 10.8 14.5 41.3 23.6 69.2 34.9 14.1 39.2 33.3
Ga 20.5 19.5 20.3 18.1 20.5 19.1 18.7 18.9 20.7 18.8 20.0
Rb 69.4 37.8 69.2 85.4 103.2 91.5 80.3 68.9 91.0 83.7 82.4
Sr 254 233 197 123 276 282 250 272 286 282 273
Y 18.2 17.7 27.5 18.5 20.6 20.6 19.8 19.7 20.0 19.0 20.9
Zr 130 131 158 151 158 134 125 130 139 131 143
Nb 8.96 9.41 10.4 10.70 9.77 9.20 7.02 8.13 8.66 7.52 8.18
Ba 353 125 446 502 431 383 327 301 471 380 357
La 26.3 26.4 54.0 38.3 28.1 25.0 19.9 20.2 25.2 19.8 24.1
Ce 52.1 52.6 105.9 76.0 55.8 50.0 40.5 40.7 49.8 41.1 46.7
Pr 6.17 6.15 12.4 8.83 6.58 5.91 4.88 4.83 5.80 4.92 5.72
Nd 23.3 23.0 44.8 32.5 24.7 22.4 18.8 18.7 22.3 18.4 21.8
Sm 4.54 4.42 7.88 5.75 4.88 4.50 3.99 3.95 4.31 3.89 4.30
Eu 1.09 1.04 1.84 1.06 1.10 1.03 1.01 1.01 1.09 0.98 1.06
Gd 3.70 3.57 6.50 4.43 4.26 4.10 3.80 3.84 3.90 3.63 3.94
Tb 0.59 0.58 1.01 0.67 0.70 0.64 0.61 0.61 0.63 0.61 0.64
Dy 3.24 3.17 5.38 3.55 3.77 3.78 3.51 3.51 3.59 3.43 3.71
Ho 0.64 0.65 1.02 0.65 0.77 0.75 0.73 0.72 0.73 0.69 0.76
Er 1.79 1.76 2.67 1.73 2.11 2.05 2.02 1.98 2.05 1.95 2.05
Tm 0.28 0.27 0.40 0.26 0.34 0.33 0.32 0.32 0.33 0.31 0.33
Yb 1.70 1.64 2.35 1.54 2.09 2.01 2.03 1.97 2.06 1.91 2.01
Lu 0.27 0.26 0.36 0.24 0.33 0.32 0.32 0.31 0.32 0.29 0.31
Hf 3.51 3.29 4.17 3.94 3.98 3.54 3.34 3.35 3.64 3.31 3.78
Ta 0.58 0.59 0.64 0.66 0.61 0.57 0.44 0.49 0.55 0.44 0.51
Th 9.27 9.12 9.84 12.2 10.07 8.76 6.31 6.06 8.66 6.40 8.60
U 2.39 2.29 2.30 2.36 2.28 2.09 1.49 1.46 2.00 1.55 2.13
(La/Yb)N 11.1 11.5 16.5 17.9 9.65 8.93 7.05 7.34 8.78 7.42 8.60
(Gd/Yb)N 1.80 1.80 2.29 2.38 1.69 1.69 1.55 1.61 1.57 1.57 1.63
Eu* 0.81 0.80 0.78 0.64 0.73 0.73 0.80 0.79 0.82 0.80 0.78
87Rb/86Sr 1.02 1.08 0.94 0.93 0.73 0.73
147Sm/144Nd 0.11 0.12 0.12 0.13 0.13 0.13
87Sr/86Sr 0.7144 0.7169 0.7162 0.7137 0.7126 0.7133
2s 17 17 19 17 17 17
143Nd/144Nd 0.5120 0.5121 0.5121 0.5121 0.5123 0.5121
2s 9 11 12 13 12 13
(87Sr/86Sr)i 0.7125 0.7149 0.7145 0.7116 0.7113 0.7117
3Nd(t) 10.2 8.6 8.6 8.7 6.3 9.1
TDM (Ga) 1.57 1.65 1.68 1.80 1.58 1.83
Note: Mg# ¼ 100  Mg/(Mg þ FeT). The initial isotopic ratios are back-calculated to 130 Ma.
F. Zhang et al. / Geoscience Frontiers 10 (2019) 1507e1520 1513contents, along with weak Sr and Eu negative anomalies (Fig. 8a,b),
reﬂect minor plagioclase fractionation. The negative correlation
between SiO2 and TiO2 (Fig. 6f) and depletion in Ti shown in Fig. 8b
might be related to the TieFe-oxides fractionation, but the apatite
fractionation might be insigniﬁcant due to the relatively constant
P2O5 contents irrespective of SiO2 (Fig. 6e). However, the fractional
crystallization of these minerals (e.g., olivine and clinopyroxene)
cannot explain the variations of the incompatible element and
SreNd isotopic ratios. Such characteristics suggest the involvement
of crustal components either in magma source or by crustal
assimilation en route (e.g., DePaolo, 1981).Our samples have high (87Sr/86Sr)i and low 3Nd(t) values, sug-
gestive of the involvement of crustal components. Their 3Nd(t) values
and Nb/La ratios decrease with increasing SiO2 contents, indicating
the processes of crustal assimilation or assimilated fractional crys-
tallization during magma ascend (Fig. 10; Fan et al., 2010). This is
further supported by their low Nb/La ratios, ranging from 0.19 to
0.40, and the samples with higher SiO2 contents (w65 wt.%) and
lower Mg# (w27) (e.g., dacites TR-35 and TR-41), which exhibit the
lower Nd isotopic values (w10.2). Available data show that, in the
western Qinling orogenic belt, the Precambrian basement is poorly
exposed and related geochemical data are scarce due to the
Figure 5. The classiﬁcation diagram of SiO2 and (a) K2O (after Peccerillo and Taylor,
1976) and (b) K2O þ Na2O (after Middlemost, 1994) for the early Cretaceous Lao-
zanggou volcanic sequence in the western Qinling orogenic belt.
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the eastern Qinling orogenic belt, consisting mainly of the Neo-
proterozoic basalticedaciticerhyolitic and sedimentary rocks, are
usually considered to have tectonic afﬁnity with the Precambrian
basement of the western Qinling orogenic belt (e.g., Ling et al., 2008,
2010; Dong et al., 2017). However, the Wudangshan volcanic rocks
havewide SiO2 variation ranging from 44wt.% to 80wt.% (Ling et al.,
2002) and 3Nd (t ¼ 130 Ma) values from 2.7 to þ1.7. This indicates
that the derivation of the Wudangshan Precambrian basement
should have more complex rock-association and more depleted Nd
isotopic composition, in contrast to those of the Laozanggou
intermediate-acidic volcanic rocks.
Magma mixing of mantle- and lower crust-derived melts can
also be ruled out based on the SreNd modeling calculations. The
Mesozoic ultramaﬁcemaﬁc rocks and diorites from the Jianzha,
Xiekeng and Wumei areas in the western Qinling orogenic belt are
believed to be derived from an enriched lithospheric mantle, and
could be used as the mantle end-member for the Laozanggou
intermediate-acidic volcanic samples. The Wudangshan Group is
herein proposed as the representative of the crustal end-member.
Our observations show that the mixing of the lithosphere- and
crust-derived magmas have higher (87Sr/86Sr)i ratios, and lower
3Nd(t) and MgO contents than the Laozanggou intermediate-acidic
volcanic samples (Fig. 8a; Luo et al., 2012, 2015; Li et al., 2014).The magma mixing of lower crust- and upper crust-derived com-
ponents is an alternative for producing the Laozanggou volcanic
rocks. However, a simple mixing calculation yields an unrealistic
mixing proportion up to 20%e40% for the western Qinling upper
crust. As a result, the binary magma mixing model is rejected.
5.2. Magma source nature
Samples TR-49 and TR-50 have the lowest SiO2 contents and
(87Sr/86Sr)i ratios but the highest MgO, Mg#, and 3Nd(t) values
(6.3) of all analyzed samples, which can be regarded as the rep-
resentatives of the least-contaminated rocks. Their elemental and
isotopic compositions could be close to those of the primary
magma. Thus, the primarymagma of the Laozanggou volcanic rocks
might be calc-alkaline magma and characterized by high Mg#
(w56) and 3Nd(t) value (w6.3), but low SiO2 contents
(w56 wt.%) and (87Sr/86Sr)i ratio (w0.7112), along with enrichment
in LILE and depletion in HFSE with pronounced NbeTa negative
anomalies (Fig. 8b).
Samples TR-49 and TR-50 have high La/Nb (2.5e2.8), Ba/Nb
(37.1e46.7) and Zr/Nb (16.0e17.8) ratios and NbeTa and Ti nega-
tive anomalies (Fig. 8b), similar to arc-like volcanic rocks
(Stern, 2002). The subduction-modiﬁed mantle wedge might be a
plausible magma source for these volcanic rocks. However, there is
no geological evidence for supporting the development of the
early Cretaceous subduction event in the study area. In contrast,
evidence shows that the oceanic subduction in the region ceased
no later than the Triassic. Thus, the metasomatized mantle wedge
might be ancient rather than newly-formed. The Mesoproterozoic
Nd model ages for TR-49 and TR-50 also suggest that the source
experienced LILE and LREE enrichment during an “older” meta-
somatic event. Available data show that the Guanzizhen maﬁc-
intermediate igneous rocks in a western Qinling orogenic belt
formed in a Late Cambrian to Early Ordovician island-arc setting
and are characterized by the geochemical signatures of a depleted
source (e.g., Pei et al., 2007; Dong et al., 2011a,b). Such features
suggest that the subduction-related metasomatism of the mantle
source beneath the western Qinling orogenic belt should occur
after the Early Ordovician. As a result, the enriched elemental and
isotopic signatures for the Laozanggou volcanic rocks were most
likely developed by the Triassic subduction/collision in the Qinling
orogenic belt. In fact, the Triassic diorites from the Xiekeng,
Jianzha and Wumei areas are considered to be derived from lith-
ospheric mantle, highly-modiﬁed by subduction-related ﬂuids/
melts, and are characterized by high LILE enrichment, HFSE
depletion, enriched SreNd isotopic composition, and are
geochemically similar to the Laozanggou volcanic sequence (Luo
et al., 2012, 2015; Li et al., 2014).
Magmas that originate from a slab-metasomatized source
generally show high Sr contents and La/Yb ratios with depleted
SreNd compositions, which contradict to our observation from
the Laozanggou volcanic sequence. A more likely explanation is
that their source is characterized by enriched lithosphere modi-
ﬁed by the subduction e sediments with high (87Sr/86Sr)i ratios
and low 3Nd(t) values (e.g., Oxburgh and Turcotte, 1968). Magma
from a recycled sediment-modiﬁed source is commonly charac-
terized by low Sr/Ce (<5) and Sr/Y ratios (e.g., Chauvel et al., 1995;
Kapenda et al., 1998; Shimoda et al., 1998; Tatsumi, 2001, 2006).
Our samples have high Sr/Ce (>6) and Sr/Y ratios, indicating that
the metasomatism of the sediment-derived melt was unlikely to
be the dominant metasomatic agent. Instead, their high Ba/La and
Rb/Sr ratios support the involvement of sediment-released ﬂuid.
Thus, the magma source of the Laozanggou volcanic rocks might
be an enriched lithosphere previously (possibly in the Triassic)
modiﬁed by the recycled sediment-derived ﬂuid beneath the
Figure 6. SiO2 versus major oxides and CaO/Al2O3 for the early Cretaceous Laozanggou volcanic sequence in the western Qinling orogenic belt. The major oxides are normalized to
100 wt.%.
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they could be generated as the result of (1) mantle-derived melt
with crustal assimilation or assimilated fractional crystallization
(AFC) processes; (2) partial melting of lower/middle continental
crust; and (3) mixing of mantle- and crust-derived melts (e.g.,Defant and Drummond, 1990; Foley, 1992; Rapp and Watson,
1995; Borg and Clynne, 1999; Fan et al., 2004). As mentioned
above, our data queries the possibility of case (2) and (3). Thus, the
Laozanggou andesites and dacites are most likely the AFC prod-
ucts of primary magma represented by samples TR-49 and TR-50.
Figure 7. Variations of SiO2 and trace elements, and MgO versus Cr and Ni for the early Cretaceous Laozanggou volcanic sequence in the western Qinling orogenic belt.
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assimilation of 10%e15% crustal component is required to be
added into the primary magma for balancing the elemental and
SreNd isotopic signatures of the other Laozanggou volcanic
samples.
5.3. Tectonic implication
Our geochronological and geochemical data indicate that the
Laozanggou intermediate-acidic volcanic rocks from the Duofutun
Group erupted at 128e131 Ma. These volcanic rocks have typical
calc-alkaline geochemical characteristics and derived from a
previously-modiﬁed enriched mantle. Available data show that the
early Cretaceous (112e103 Ma) basaltic rocks from the adjacentDuofutun, Duohemao and Hongqiang areas belong to alkaline rocks
and originated from asthenospheric mantle with the proportional
input of a delaminated lithospheric component (e.g., Ding et al.,
2013; Li et al., 2013b; Zhang et al., 2018). Such geochemical
change from w130 Ma andesitesedacites to w110 Ma basalts re-
ﬂects a shift in the source from the enriched lithospheric to
asthenospheric mantle. Hawkesworth and Gallagher (1993)
believed that this change of the mantle source from relatively
shallow to deep level with time might be related to the lithosphere
thinning in the intracontinental tectonic setting.
Question remains as to which petrogenetic mechanism triggered
the lithospheric thinning for inducing the eruption of the early
Cretaceous intracontinental volcanic rocks in the western Qinling
orogenic belt. An upwelling mantle plume and its interaction with
Figure 8. (a) Chondrite-normalized rare-earth elements patterns and (b) primitive mantle-normalized spidergrams for the early Cretaceous Laozanggou volcanic sequence in the
western Qinling orogenic belt. Chondrite- and primitive mantle-normalize values are from Taylor and McLennan (1985) and Sun and McDonough (1989), respectively. Data for OIB
(Oceanic-island basalt) and E-MORB (enriched mid-ocean ridge basalt) are from Sun and McDonough (1989).
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However, our geochemical data from the early Cretaceous volcanic
rocks argue against a plume-derived magma (Campbell, 2005;
Elkins-Tanton, 2005; Campbell and Davies, 2006). In addition, the
Late Mesozoic hotspot track and related geological evidence are not
obvious in the western Qinling orogenic belt.
Regional extension is another possible mechanism for inducing
the lithospheric thinning to generate the Early Cretaceous volcanic
rocks. In the Qinling orogenic belt, the orientation of regional
extension changed from NWeSE in the early Cretaceous to
NEeSW-in the late Cretaceous (e.g., Ratschbacher et al., 2003). Dai
et al. (2014) and Li et al. (2013b, 2015) argued that the 101e112 Ma
alkali basalts in the western Qinling orogenic belt were generated
in a post-collisional setting in response to the lithospheric exten-
sion. The maﬁc dikes intruded along WeE trending intermontane
basin in the western Qinling orogenic belt are dated at 107  1 Maand 103  4 Ma (Craddock et al., 2012; Li et al., 2013a), suggesting
late Early Cretaceous (<110 Ma) intracontinental extension. How-
ever, our Laozanggou intermediate-acidic volcanic rocks erupted at
w130 Ma, older than the time of the lithospheric thinning of the
western Qinling orogenic belt.
The detachment of the lithospheric root (e.g., Hawkesworth
et al., 1995; Molnar et al., 1998; Hoernle et al., 2006) might be an
alternative model for the formation of the Laozanggou volcanic
rocks in the western Qinling orogenic belt. This model requires a
gravitationally unstable lithospheric mantle in response to the
shortening of the continental lithosphere (e.g., Molnar et al., 1998;
Schott et al., 2000). During the late Jurassic to early Cretaceous
(prior to the eruption of the Laozanggou volcanic rocks), the whole
Qinling region underwent transpressive shortening, evidenced by
the large scale of folding and faulting, and the angular unconfor-
mity between the upper Cretaceous and the underlying package
Figure 9. (a) Initial 87Sr/86Sr(t) versus 3Nd(t) (t ¼ 130 Ma) for the early Cretaceous Laozanggou volcanic sequence in the western Qinling orogenic belt. Data for the Triassic
maﬁceultramaﬁc rocks and diorites in the western Qinling are from Li et al. (2014) and Luo et al. (2012, 2015). Data of the upper crust in the western Qinling orogenic belt are from
Chen et al. (2008). (b) Modeling calculation of SiO2 (in wt.%) vs. 3Nd(t) for the crustal assimilation en route for the early Cretaceous Laozanggou andesiticedacitic volcanic sequence
in the western Qinling orogenic belt. Data for the maﬁc volcanic rocks from the Wudangshan Group and the upper crust in the western Qinling orogenic belt are from Ling et al.
(2002) and Chen et al. (2008), respectively.
Figure 10. SiO2 versus 3Nd(t) (a) and (Nb/La)N (b) for the early Cretaceous Laozanggou volcanic sequence in the western Qinling orogenic belt. Abbreviation: AFC, assimilation and
fractional crystallization.
F. Zhang et al. / Geoscience Frontiers 10 (2019) 1507e15201518(e.g., Qinghai BGMR, 1991; Dong et al., 2011a, 2016; Li et al., 2013a;
Wu et al., 2014; Dong and Santosh, 2016). Following the late
Jurassiceearly Cretaceous crustal shortening, the removal of the
lithospheric root promotes asthenospheric upwelling resulting in
tectonic reactivation and lithospheric thinning (e.g., Gao et al.,
2004; Hoernle et al., 2006). In such a situation, the uprising of
lithospheric thermal boundary resulted in partial melting of the
previously (possibly Triassic) subduction-modiﬁed enriched
mantle to generate the early Cretaceous Laozanggou primary
magma. Fractional crystallization of this magma along with
assimilation of 10%e15% crustal materials resulted the Laozanggou
intermediate-acidic volcanic rocks. This was followed by the gen-
eration of the asthenosphere-derived alkali basalts at w110 Ma in
response to ongoing upwelling of the asthenospheric mantle.Acknowledgment
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